Superoxide dismutase (SOD)-deficient Escherichia coli OX326A cells are protected against chemically-induced oxidative stress by expression of the chaperonin GroESL. This protection is equivalent to expression of superoxide dismutase even though GroESL has no inherent SOD activity. Co-overexpression of GroESL and SOD in the same cells results in higher protein yields of SOD and greater metallation of SOD when compared with expression of SOD alone. Greater metallation results in the higher specific activity of SOD that is observed in heat shock, and is not due to increased synthesis of SOD mRNA or protein.
INTRODUCTION
Escherichia coli has two cytoplasmic superoxide dismutases (EC 1.15.1.1, SOD): an iron-containing SOD (FeSOD) encoded by the sodB gene [1] [2] [3] and a manganese-containing SOD (MnSOD) encoded by the sodA gene [4] . These two antioxidant enzymes have similar catalytic activity and protect the cell by removing superoxide anions which are the toxic and highly reactive products of the univalent reduction of dioxygen [5] . The dismutation reaction involves an oxidation of superoxide to produce molecular oxygen and a reduction of superoxide to form hydrogen peroxide as a product. The enzyme's active-site metal is consequently redox cycled between oxidation states during the dismutation. Despite their high degree of sequence (45% identity [6] [7] [8] ) and structural (91% identity [8] ) homology, Fe-SOD and MnSOD are active only when folded around their respective metal ion cofactor. This is in spite of the fact that both Fe and Mn ions may compete in vivo for the active site of either SOD [9, 10] . The activity of SOD is therefore dependent upon the metal ion content of the cell. We show that for human MnSOD expressed in E. coli, activity increases with increasing manganese concentrations in the growth medium. MnSOD associates with the E. coli nucleoid and preferentially protects DNA while FeSOD appears to protect cytoplasmic components [11, 12] . The biosynthesis of MnSOD is affected by various stimuli [13] [14] [15] and the transcription of sodA is regulated by the protein products of six regulons [16] . Folding of nascent polypeptides and refolding of denatured proteins in the cytosol are facilitated by a group of specialised proteins, molecular chaperones [17, 18] . In E. coli, GroESL is the only chaperone system essential for cell growth [19] . This chaperonin complex mediates the folding of a variety of protein substrates without being part of the final structure [20] . In vivo GroESL preferentially assists the folding of only approximately 10% of newly translated polypeptides. The typical GroESL substrate generally has a Mr of 20 kDa to 60 kDa and possesses several  domains with buried hydrophobic residues [21] . In this present study, direct co-overexpression of GroESL with each of FeSOD and MnSOD has revealed differential effects on the in vivo folding of these homologous proteins.

Evidence suggests a relationship between the heat shock response and oxidative stress response. Elevated temperatures elicit oxidative stress and induce a heat shock response [22] . In E. coli, MnSOD provides protection against the superoxide radicals that are produced during aerobic heat shock [23] . However, there are conflicting reports on whether heat shock does induce the synthesis of MnSOD in E. coli. Privalle and Fridovich (1987) [24] previously showed that in E. coli a heat shock at 48˚C increased the SOD activity by a factor of two. Furthermore, these authors identified MnSOD as the responsible agent. Contrary to these results, Hassan and Lee (1989) [25] showed that the synthesis of FeSOD is increased and MnSOD decreased by temperature shift from sub-optimal (22˚C) to elevated (42˚C) temperatures. Although similar environmental stimuli may result in both a heat shock and an oxidative stress response, these two systems are in fact regulated independently. In E. coli there are two oxidative stress stimulons: the H 2 O 2 induced regulon controlled by the oxyR gene product [15, 26] and the superoxide-inducible regulon controlled by the soxRS gene products [27] [28] [29] . The heat shock regulon is under the control of the rpoH gene product [30, 31] while the synthesis of FeSOD reported at elevated temperatures was shown to be independent of the rpoH gene product [25] . The production of heat shock proteins GroEL and GroES does appear to be indirectly influenced by oxidative stress. Evidence shows that GroEL and GroES are synthesised in response to oxidative stress caused by the recycling redox agent paraquat and H 2 O 2 [15, 29, 32] . We present evidence that GroESL can in itself protect SOD-deficient cells against oxidative stress even though it does not exhibit SOD activity. We also show that GroESL, when co-expressed with SOD, acts to increase the specific activity of the SOD through an increase in SOD metallation. Furthermore, during heat shock, the observed increase in MnSOD activity in E. coli is demonstrated to be a post-translational phenomenon and is not due to increased transcription or protein synthesis. [33] encoding the GroEL and GroES operon was a gift from Dr. Stieger, Hoffman La Roche Ltd.
MATERIALS AND METHODS

Bacterial Strains and Vectors
Oligonucleotides required for the modification of the vectors and the PCR of the superoxide dismutase genes were synthesized on an Applied Biosystems model 394 DNA synthesizer using cyanoethyl phosphoramidite chemistry and purified by preparative gel electrophoresis in 20% polyacrylamide gel containing 7 M urea. Oligonucleotides for Real Time PCR were purchased from MWG-Biotech (Table 1) .
A tetracycline-resistant derivative of pREP4GroESL was prepared for this work. The tetracycline resistance gene was amplified by PCR of the plasmid pBR322 DNA (Roche Applied Science) with TET5' and TET3' primers ( Table 1) . In addition to the standard components as described in the Takara PCR kit (Takara Bio Inc, Japan), the reaction mixture (50 μl) contained 1 ng template and 130 ng of each primer. This was subjected to 98˚C for 20 s, 60˚C for 1 min and 68˚C for 2 min, for 30 cycles. Post-cycling addition of Klenow enzyme directly to the PCR tubes in situ and incubation for 30 min at 30˚C ensured completion of the reaction products and improved blunt-end cloning efficiency [34] . The DNA fragments were gel-purified from an agarose gel using microcon-100 centrifugal concentrators (Amicon). This PCR product (1391 bp) incorporating both the promoter and the stop codon of the tetracycline resistance gene was cloned into pREP4-groESL (SmaI). This vector was designated pTETGroESL (Figure 1) . A derivative of this vector lacking the GroESL operon was constructed by digestion with NsiI, gel purification of the 5227 bp linear fragment and religation. This vector was designated pTET-1. The His 6 -tag derivative pTH-1 (Figure 1) , of the expression vector pTrc99A (Amersham Biosciences) was constructed for this work. Linker oligonucleotides (1 μg of each His 6 -tag A and His 6 -tag B, Table 1 ) were annealed by incubation at 85˚C for 10 min followed by slow cooling to 21˚C and then ligated with pTrc99A (BamHI/NcoI digested). 
Cloning and Protein Expression
SodA and SodB genes were isolated from E. coli genomic DNA by the polymerase chain reaction (PCR). PCR was performed following the protocol provided with the GeneAmp PCR reagent kit using AmpliTaq DNA polymerase (Perkin Elmer). In addition to standard components, each 20 μl reaction contained 100 ng of template, 100 ng of each primer (ECM-P5 and ECM-P3 for sodA, or ECF-5' and ECF-3' for sodB, Table 1 ) and 1.5 mM MgCl 2 .
Thermal cycling conditions were 94˚C for 3 min once followed by 94˚C for 30 s and 64˚C (for sodA or 56˚C for sodB ) for 30 s and 72˚C for 1 min applied for 30 cycles. The reactions were held at 4˚C until 1U Klenow polymerase was added and the reactions incubated at 30˚C for 30 min. The reaction mixtures were purified using microcon-100 centrifugal concentrators (Amicon), washed with water and ligated to StuI digested pTH-1 vector in the presence of 8U T4 DNA ligase. Positive clones in the correct orientation were designated pTHsodA and pTH-sodB (Figure 1) . Mature human MnSOD (hMnSOD) was subcloned similarly using PCR and primers HMN-P3 and HMN-P5 (Table 1 ) with the same cycling conditions and the plasmid phmnsod4 (obtained from ATCC) as the template DNA. The human MnSOD expression plasmid was designated pTH-hMnSOD (Figure 1) . Double-stranded DNA was sequenced in both directions utilizing dye terminator cycle sequencing chemistry and Thermus aquaticus DNA polymerase and an ABI 373A DNA sequencer (Applied Biosystems). The kanamycin-resistant OX326A competent cells were either transformed with pTH-sodA, pTH-sodB or pTHhMnSOD singly or co-transformed together with pTETGroESL DNA using the calcium chloride method [35] . Transformants were grown at 37˚C in 2xTY media (50 ml, 16 g/liter tryptone, 10 g/liter yeast extract and 5 g/liter NaCl), supplemented with the appropriate antibiotics, 50 μM MnSO 4 and 50 μM FeSO 4 . When the cells reached an OD 600 of 0.4, expression was induced by 1 mM IPTG. Growth was continued for 6 h when cells were harvested by centrifugation, resuspended in KP buffer (50 mM potassium phosphate, 1 mM EDTA, pH 7.8) and phenylmethylsulfonylfloride (PMSF, 0.1 mM), and lysed by passage through a French pressure cell (Amicon) at 16000 p.s.i. Insoluble material was removed by centrifugation at 10000 g for 10 min. Protein concentration was measured by the method of Bradford [36] . SDS-polyacrylamide gel electrophoresis (15%) was carried out after reduction with dithiothreitol according to the method of Laemmli [37] .
Metal Chelation Affinity Chromatography (MCAC)
His 6 -FeSOD, His 6 -MnSOD and His 6 -hMnSOD were purified via metal chelate chromatography using HiTrap columns (Amersham Biosciences). Samples lysed using a French pressure cell (as above) in PBS buffer (30 ml, 20 mM sodium phosphate buffer pH 7.2 and 150 mM sodium chloride) containing 0.03% SDS and 1% Triton X-100, were centrifuged for 20 min at 10000 g and the supernatant then filtered through a 0.45 micron Nalgene syringe filter. The final sodium chloride concentration of the samples was adjusted to 0.5 M. Each Hi-Trap column was washed with 20 ml deionised water, charged with 10 ml 100 mM nickel sulphate and then washed with 10 ml Start buffer (20 mM potassium phosphate pH 7.8, 0.5 M sodium chloride). The protein samples (30 ml) were loaded onto the columns, which were then washed with 30 ml Start buffer followed by 15 ml 100 mM imidazole (in Start buffer). His 6 -SOD was eluted with Elution buffer (20 mM potassium phosphate pH 6, 1 M imidazole, 0.5 M sodium chloride). The collected samples (3 ml) were subjected to buffer exchange (potassium phosphate, 50 mM, pH 7.8) and concentration by centricon 10 (Amicon) centrifugal concentrators.
Measurements of Superoxide Dismutase Activity
Superoxide dismutase assays were carried out essentially as described by McCord and Fridovich [38] and Ysebaert-Vanneste and Vanneste [39] using cytochrome c as detector and xanthine-xanthine oxidase as superoxide generator. Native PAGE (8%) gels were stained for superoxide dismutase using nitro blue tetrazolium [40] .
Estimation of Metal Content
Concentrations of iron and manganese in the superoxide dismutases were measured with a Hitachi Z-9000 atomic spectrophotometer (Showa Woman's University, Japan) by Prof. F. Yamakura (Juntendo University School of Medicine, Japan) and Prof. T. Matsumoto (Showa Woman's University, Japan) or using ICP-MS by ALS Scandanavia, AB, Sweden.
Paraquat-Induced Stress in
Non-Transformed E. coli Cells E. coli cells TGI (sod + ) and OX326A (sod − ) were grown at 37˚C (500 ml) to an OD 600 of 0.6. Aliquots of each culture (50 ml in 250 ml flasks) were then incubated for a further two hours at 37˚C, 43˚C and 48˚C respectively. Similarly 50 ml cultures of each strain were grown in the presence of the redox cycling compound paraquat (0 µM, 250 µM and 500 µM). These cultures were grown solely at 37˚C or at 37˚C followed by a two-hour heat shock at 43˚C. Cells were harvested, resuspended in 3 ml PBS buffer and lysed by sonication.
Immunoblot Analysis
Total cellular protein (40 µg) was resolved by 15% SDS-PAGE. Cells were lysed by treatment with B-PER Reagent (Pierce) followed by brief sonication. Proteins were electroblotted onto Hybond C Extra nitrocellulose membrane (Amersham Biosciences) under semi-dry conditions using a LKB Multiphor II with a continuous transfer buffer system (Tris 48 mM/glycine 39 mM/SDS 0.0375% w/v/methanol 20% v/v) at 0.8 A/cm 2 for 70 min. After transfer, the membrane was blocked by overnight room temperature incubation in 5% skimmed milk/PBST (80 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , 100 mM NaCl and 0.1% Tween 20) . Levels of GroEL were detected with an anti-GroEL antiserum (1:10,000 dilution) (kindly donated by Prof. B. Bukau, Universitat Heidelberg, Germany). This was bound to donkey anti-rabbit immunoglobulins G conjugated with horseradish peroxidase (Amersham Biosciences) (1:1000 dilution). Proteins were detected by enhanced chemiluminescence (ECL Western blotting system, Amersham Biosciences). Antibodies to FeSOD and MnSOD were kindly provided by Prof H.
Steinman and Dr C. Privalle.
Paraquat-Induced Oxidative Stress in Transformed E. coli Cells
Overnight cultures (10 ml) of E. coli OX326A transformed with the appropriate plasmid were diluted 1:100 in 2TY medium to a final volume of 10 ml, grown with shaking for 2.5 hr and used as the starter culture to inoculate 50 ml of 2TY media to an OD 600 of 0.03. This media was supplemented with the appropriate antibiotics, 500 μM paraquat, 0.1 mM IPTG, 50 µM FeSO 4 and 50 µM MnSO 4 . Cultures were grown aerobically for 6 hr in 250 ml flasks at 37˚C. Aliquots (1 ml) were removed regularly to measure optical density (OD 600 ).
Heat Shock
An E. coli MG1665 (sod + parent of OX326A) overnight culture served as inoculant (1:100) for a 500 ml culture (2xTY). This was incubated at 37˚C until an OD 600 of 0.4 was reached and then was divided into 50 ml aliquots in 250 ml flasks. Four 50 ml cultures were grown a further two hours under different conditions: 37˚C, 46˚C, 37˚C supplemented with chloramphenicol (150 µg/ml) and 46˚C with chloramphenicol. Cells were harvested by centrifugation and resuspended in DEPCtreated water to an OD 600 of 1 and stored in aliquots at −80˚C.
Quantitation of Transcripts by
Real-Time PCR Total cellular RNA was isolated using the Ambion Totally RNA TM kit. All samples were standardised before incorporation into RT-PCR experiments by both cell number and rRNA concentration. Quantitative RT-PCR was performed in a two-step reaction using the Eurogentec Reverse Transcription Core kit with random nonomers. These reactions were then performed on a Smart Cycler (Cepheid) using the qPCR Core Kit for Sybr green I (Eurogentec). A typical amplification protocol involved two stages, an initial 10 min denaturation step at 95˚C proceeded by 45 two-step cycles (95˚C for 15 s and 60˚C for 60 s with a 0.2˚/s ramp rate). The second step annealing/extension temperature was set at 60˚C for the sodB and GroEL template amplifications and 62˚C for sodA. Sybr green I fluorescence was measured during the extension phase of each cycle and analysed during the log-linear phase of the reaction. Primers for the amplification of cDNA were sodA-P and sodA-M (for sodA); sodB-P and sodB-M (for sodB); and GroEL-P and GroEL-M (for GroEL) ( Table 1) .
Amplification of a dilution series (100 pg, 50 pg, 20 pg, 1 pg, 0.1 pg) of the appropriate synthetic clones (pTH-FeSOD, pTH-MnSOD, pTETGroEL) generated the standard curves.
RESULTS
Co-Overexpression of GroESL Increases the Yield of Recombinant FeSOD and MnSOD
In order to observe any in vivo effect, the chaperone GroEL and its cofactor GroES may have on the solubility and specific activity of FeSOD and MnSOD, kanamycinresistant OX326A cells (ΔsodA ΔsodB) were co-transformed with pTET-GroESL and pTH-FeSOD or pTHMnSOD respectively. pTH-1 is a derivative of pTrc99A which is an expression vector incorporating a tac promoter. Our modification involved the insertion of a DNA sequence encoding a hexahistidine tag in-frame with a Factor Xa coding region and incorporating two cloning sites, BbrPI and StuI (Figure 1) . The former may be used to blunt-end clone protein-encoding sequences to which a simple hexahistidine tag will be attached. The latter site can be used to similarly clone protein-encoding sequences should it be required to remove the hexahistidine tag from the expressed protein. A recognition sequence for the restriction protease Factor Xa has been incorporated so that cleavage occurs directly before the first amino acid of the cloned protein. In each case, translation begins in-frame at the very first nucleotide of the cloned sequence. The product of Factor Xa-cleavage will produce an authentic protein product with no spurious amino acids at the N-terminus due to cloning. As both pTET-GroESL and pTH-1 plasmids have compatible origins of replication and carry different antibiotic resistance genes, they were maintained stably in the co-transformed OX323A cells.
His 6 -FeSOD and His 6 -MnSOD proteins were expressed to high levels in SOD-deficient cells with or without co-expression of GroES and GroEL (Figure 2A) . The SODs were purified utilising the hexahistidne tags encoded at their N-termini by metal chelation chromatography ( Figure 2B) . Overall yields were approx. 5 mg protein from a 50 ml culture. High levels of overexpressed recombinant proteins have a tendency of forming inclusion bodies or aggregates in the cytosol [41] . Consistently in our studies we found the overall yield of each SOD to be increased by at least 30% when overexpressed in the presence of GroESL (Figure 2B ). This is presumed to be due to an increase in solubility for each SOD.
Co-Overexpression of GroESL
Increases the Specific Activity of SOD
The activity of the purified His 6 -SODs was examined by staining native-PAGE gels for superoxide dismutase activity ( Figure 2C) . We found that the activity of the OPEN ACCESS His 6 -MnSOD purified from cultures in which GroESL had also been induced, was consistently higher than that from cultures in which His 6 -MnSOD had been expressed alone. Laser densitometry demonstrated an increase in the achromatic band of approx. 60% (results not shown).
In contrast, however, we observed no equivalent difference in the activity of His 6 -FeSOD. This result was confirmed by spectrophotometric SOD assay ( Table 2) . Although the specific activity of His 6 -FeSOD remained unaffected, His 6 -MnSOD specific activity increased by up to 80%. Metal content analysis showed that this increase in specific activity observed for His 6 -MnSOD was accompanied by an equivalent increase in manganese content of the enzyme ( Table 2) .
We conclude therefore that when metal content is less than optimal in MnSOD, the presence of GroESL during expression increases the efficiency of metal capture by the folding protein.
GroESL Overexpression Protects SOD-Deficient Cells from Oxidative Stress
Under conditions of paraquat-induced oxidative stress, SOD-deficient cells grow poorly, at a reduced rate (Figure 3) . This reduced rate of growth can be overcome by the presence of SOD. We examined the effect of expressing His 6 -FeSOD and His 6 -MnSOD in the presence or absence of excess GroESL. Both His 6 -FeSOD and His 6 -MnSOD increased the growth rates of cells under these conditions, as expected (Figure 3) . Consistently, however, His 6 -MnSOD expression under the conditions used, failed to exhibit any lag phase prior to exponential growth. Cells overexpressing His 6 -MnSOD therefore grew much faster at an earlier stage than His 6 -FeSODcontaining cells, and cell densities achieved after 8 hours were significantly higher. Surprisingly, the presence of GroESL overexpressed simultaneously with His 6 -MnSOD, introduced a lag phase, though cell densities achieved were comparable with His 6 -MnSOD expressed alone. Rates of growth under these conditions were the highest we observed. Also remarkable is the effect of GroESL co-expression on His 6 -FeSOD-expressing cells. Growth rates increased during the latter stages and resulted in these cells, too, reaching higher densities when compared to cells expressing the His 6 -FeSOD alone (Figure 3) . This is probably due to the increased amounts of soluble SOD in these cells. Unexpectedly, we found that the expression of GroESL alone could protect oxidatively-stressed cells to an extent comparable with His 6 -FeSOD expression alone. That this was not due to the presence of the vector in the GroESL plasmid used was demonstrated in cells transformed with pTET-1 ( Figure  3) . Cell growth in this case was seen to be equivalent to the SOD-deficient cells without plasmid. 
Expression of GroESL Is Increased in SOD-Deficient Cells and during Oxidative Stress
We compared the expression of GroEL in wild-type E. coli (TG1) and in SOD-deficient E. coli cells (OX326A) at 37˚C, 43˚C and 48˚C. The areas of the chemiluminescent signals were scanned by laser densitometry. GroEL was observed to be present in SOD-deficient cells to a higher level than in wild-type ( Figure 4A) . In both cell types, GroEL was, as expected, inducible by heat.
In each experiment the amount of GroEL synthesised was greater in the cells deficient of cytoplasmic SOD. The amount of GroEL produced in the SOD-deficient cells is consistently higher even under conditions of heat shock at 43˚C and 48˚C although at these higher temperatures the difference between the amount of GroEL in the TG1 and OX326A cell extracts was smaller. Laser densitometry revealed a 3 fold difference between the two strains at 37˚C, a 1.5 fold difference at 43˚C and at 48˚C. When the cells were subjected to paraquat-induced oxidative stress (Figure 4B) , an increase in the production of GroEL was observed with increasing doses of paraquat.
Heat Shock Affects MnSOD Activity and Stability
Extracts from cells exposed to increased temperatures and/or chloramphenicol were analysed for SOD concentration by immunoblotting a 15% SDS-PAGE gel and for SOD activity on an activity-stained 8% native PAGE gel. Laser densitometry of the immunoblot revealed very small increases (30%) in concentrations of both FeSOD and MnSOD when the temperature was raised from 37˚C to 46˚C (Figure 5A ). However, we observed a reduction in the activity of FeSOD (by 30%) during heat shock (46˚C, Figure 5B ) whereas the activity of MnSOD increased by approx. 80%. Analysis of the chloramphenical-treated heat-shocked samples demonstrated that there was a large reduction in the FeSOD activity but a substantial increase (63%) in the MnSOD activity ( Figure  5B ). This was accompanied by a small increase in MnSOD (of 30%) and a substantial reduction in FeSOD (of 66%) concentrations ( Figure 5A) . The former is presumably due to the increase in solubility because protein synthesis is inhibited by chloramphenicol in these samples. Our results have indicated negligible differences between SOD protein concentrations under heat shock and suggest therefore that GroESL probably plays an important role in maintaining the levels of MnSOD during heat shock, by protecting the protein from degradation and ensuring maximum activity of the existing protein.
Transcription of SOD Is Unaffected by Heat Shock
We have utilised real-time RT-PCR to examine the transcription of FeSOD, MnSOD and GroEL genes under normal and heat-shock conditions (Figure 6 ). FeSOD demonstrated a small (14%) increase in mRNA sysnthesis with heat shock, while MnSOD mRNA levels increased by 30%. These differences are supported to some extent by minor changes observed in protein concentrations ( Figure 5A ). We observed a 17-fold increase for GroEL under the same conditions, as expected ( Figure  6 ). We also show that under heat shock in the presence of chloramphenicol, the levels of transcription of all three genes examined is greatly reduced (Figure 6 ). GroEL observed at 37˚C but the expression levels of the SODs are greatly reduced. FeSOD transcription was reduced to 0.05% of the level observed at 37˚C, and MnSOD transcription reduced to 35%. We measured SOD activity in the same samples used for experiments represented in Figures 5 and 6 . At 37˚C, total SOD was found to be 30.6 U/mg. protein, which increased under heat stress to 67.5 U/mg. protein, a 2.2 fold increase. We conclude that this observed increase in activity is not due to transcriptional activation of the SOD genes, nor to an increase in the SOD protein concentration. It is due largely to the increased stability and activity of MnSOD compared with FeSOD under heat shock conditions, or in the presence of GroESL complex.
Manganese Content of Culture Media Determines the Activity of Human MnSOD Expressed in E. coli
We cultured E. coli OX326A cells harbouring the human MnSOD expression plasmid pTH-hMnSOD with or without pTET-GroESL in minimal M9 media containing various concentrations of MnSO 4 from 0 to 10 µM at 30˚C. Protein expression was induced by the addition of 1 mM IPTG when the cell suspension reached an OD 600 of 0.3. Levels of protein expression were very high and subsequent purification by MCAC resulted in a single protein band (Figure 2A) . After harvesting cells were adjusted for cell number and equal aliquots lysed by sonication and applied to a native PAGE gel stained for SOD activity (Figure 7) .
The activity of hMnSOD demonstrated a clear increase with manganese concentration present in the media and was also consistently higher overall when coexpressed with GroESL. Purified protein was analysed for metal content and demonstrated that the higher SOD activity from hMnSOD obtained from cells co-expressing GroESL was due to increased metallation of the SOD ( Table 2 ).
DISCUSSION
In order to survive, all cells must be capable of responding to changes in their environment. The superoxide dismutases (SODs) are the cell's first line of defence against the onslaught of reactive oxygen species produced under conditions of oxidative stress. There is evidence that aerobic heat shock also produces conditions of oxidative stress [23] and we have investigated whether SODs are influenced by heat shock. In order to do so, we have utilised real time RT-PCR to examine mRNA synthesis, immunoblotting to reveal changes in protein concentration and examined SOD activity (by both zymography and spectrophotometry) to assess the amount of functionally-folded enzyme within a range of experimental conditions.
Our results unequivocally show that there is only a small induction of expression of FeSOD and MnSOD by heat shock (Figure 6) . Furthermore, the concentration of each protein increases by less than 30% during the heat shock response (Figure 5) , and actually reflects the small variation observed in expression, in agreement with the observations on protein synthesis during heat shock previously reported [42] . This is in sharp contrast to the two-fold increase in SOD activity observed and previously reported in both E. coli [24, 25] and Halobacteriumhalobium [43] . We propose, therefore that the increase in SOD activity during heat shock must be a posttranslational event, and provide evidence that this in-volves the participation of the chaperonins, GroEL and GroES. The effect of chloramphenicol on SOD activity during heat shock supports this hypothesis (Figures 5, 6 ), as SOD activity remains high even in the presence of the protein synthesis inhibitor. We also provide evidence that this is due to the activity of MnSOD alone. In support of these findings, we show that co-overexpression of either SOD with the chaperonins affects only MnSOD, which is to a degree comparable to that observed during the heat shock response. Examination of enzyme activity in vitro has revealed that FeSOD is more heat-stable than MnSOD at temperatures close to those required to induce the heat shock response [8, 25] . We propose that this situation is, apparently paradoxically, reversed in vivo due to the participation of the chaperonins. The fact that under heat shock and in the absence of protein synthesis, Fe-SOD activity drops to below detectable levels, while MnSOD activity remains high is strong evidence for a stabilising factor for MnSOD ( Figure 5) . The presence of GroESL increases the yield of soluble FeSOD and MnSOD by only 30%, which cannot account for our observed and the previously reported increase in activity (Figure 2 and Table 2 ). Examination of the metal content of purified SODs has also revealed a possible mechanism for the action of GroESL on MnSOD. When GroESL is co-overexpressed with MnSOD, the metal content of the enzyme is increased in direct proportion to the observed activity. Thus we conclude that GroESLchaperonins help MnSOD to fold with optimal manganese content. That this effect was not observed with Fe-SOD may be accounted for by the fact that FeSOD seemed to contain the maximum amount of metal under all experimental conditions ( Table 2) . Growth of E. coli is virtually impossible when iron is omitted from the medium, whereas growth continues in the near absence of manganese (results not shown). However, GroESL clearly does not protect FeSOD in vivo under heat shock conditions in the presence of chloramphenicol, in the same way we have observed for MnSOD (above and Figure 5 ).
The mononuclear SODs are two-domain proteins in which the metal ion is secured by two ligands contributed by each domain [6, 7] . It may easily be envisaged that for metal release or metal capture, only the domains need to move apart, and an intramolecular movement may be invoked by rotation about any one of several peptide bonds (unpublished observations). If only partially folded, the domain interface may be exposed to solvent. As this interface is composed largely of hydrophobic amino acid residues, it may be proposed that the action of the chaperonins may be affected via this exposed interface, as the GroESL complex has been shown to interact preferentially with hydrophobic regions of misfolded proteins [44] .
Interestingly, we have found that expression of GroES and GroEL can complement SOD-deficient cells under conditions of oxidative stress (Figure 3) . Surprisingly this observation was supported by the finding that SODdeficient cells were expressing more endogenous GroEL than the equivalent wild-type (Figure 4) . The level of superoxide in aerobically grown SOD-deficient cells is far greater than in wild type cells. GroEL expression is induced further by paraquat (used in vivo to produce conditions of oxidative stress) as well as temperature in both cell types (Figure 4) . Since the SOD-deficient cells do not readily convert superoxide to hydrogen peroxide, this effect may be due to a superoxide response in the cell. The chaperonin appears to be capable of protecting the cells against superoxide without having inherent superoxide dismutase activity (unpublished results) and without being able to repair oxidatively damaged proteins. GroEL (or its homologues) has been shown to be highly susceptible to damage caused by oxidative stress [45, 46] . Susceptibility to and protection from oxidative stress could be part of the same process. In the percolator hypothesis of chaperonin action [47] , it is estimated that between 3,000 and 3,500, water molecules could fit within the empty cavity of the chaperonin (the so-called Anfinsen cage). Even in the presence of a target protein, between 500 and 2,000 water molecules may move in and out of the cavity during each chaperonin cycle. It is not difficult to imagine superoxide or other reactive oxygen species being taken up during this process, and once inside, would oxidatively attack the residues within the cavity, producing both the damage reported, and effectively removing the superoxide to protect the cell.
The observed involvement of GroESL with MnSOD activity in E. coli presented here is also of particular relevance to eukaryotic cells, where MnSOD is a protein targeted to mitochondria. Mitochondria obtain their own chaperonins using similar import mechanisms, and contain the hsp60 and hsp10 homologues of GroEL and GroES respectively. During import, MnSOD must presumably be subject to fold (or refolding) inside the mitochondrial matrix, where manganese ions will have been sequestered and then transferred by a manganese carrier protein [48] . The role of chaperonins in the increased metal binding capacity of MnSOD is therefore of interest in this context, and we have evidence which shows that human MnSOD activity is also increased when co-expressed with GroESL in E. coli. Although MnSOD had not previously been identified as a substrate for GroESL [21] , we demonstrate that in the presence of GroESL, the metallation, activity and stability of MnSOD increases. Further investigation is currently underway to discover the role and interaction of chaperon-
